As the risk of tenofovir-associated renal toxicity has been found to be proportional to the drug plasma concentration, our aim was to measure the determinants of tenofovir plasma exposure in HIV-positive patients with normal renal function. A crosssectional analysis was conducted in HIV-positive patients chronically receiving tenofovir-containing highly active antiretroviral therapies (HAARTs). Patients on tenofovir-containing antiretroviral regimens, presenting 22 to 26 h after drug intake, having estimated glomerular filtration rates above 60 ml/min, reporting high adherence to antiretroviral medications (above 95% of the doses), and signing a written informed consent were included. Plasma tenofovir concentrations were measured through a validated high-performance liquid chromatography-mass spectrometry (HPLC/LC-MS) method. The tenofovir trough concentrations in 195 patients (median, 50 ng/ml, and interquartile range, 35 to 77 ng/ml) were significantly associated with the estimated glomerular filtration rate, body mass index, and third-drug class (protease-containing versus protease-sparing regimens) (with the highest exposure in unboosted-atazanavir recipients). The results of multivariate analysis showed that the third-drug class and the weight/creatinine ratio were independent predictors of tenofovir trough concentrations. This cross-sectional study shows that tenofovir trough concentrations are predicted by the weight/creatinine ratio and by the coadministered antiretrovirals, with protease inhibitors (whether boosted or unboosted) being associated with the highest plasma exposure. These data, previously available in healthy subjects or for some drugs only, could be useful for designing strategies to manage tenofovir-associated toxicity, since this toxicity has been reported to be dose dependent.
A lthough the majority of successful highly active antiretroviral therapy (HAART)-treated HIV-positive patients are taking tenofovir disoproxil fumarate (TDF) as part of their nucleoside/ nucleotide reverse transcriptase inhibitor [N(t)RTI] backbone, the drug is being increasingly associated with renal tubular dysfunction (1) (2) (3) . While in clinical reports, the impact of TDF on renal function is mostly described in terms of decrease of estimated glomerular filtration rate (GFR), TDF appears unlikely to directly harm any glomerular structure and its effect on GFR estimation depends upon the decreased creatinine secretion that is secondary to tubular dysfunction (3) . In four independent clinical studies, TDF pharmacokinetic (PK) exposure was found to be associated with alterations in a series of renal function markers, both glomerular and tubular (4) (5) (6) (7) . According to drug-drug interaction studies of healthy volunteers, the PK exposure of tenofovir seems to be rather sensitive to the choice of companion drugs, which suggests that, depending on the specific HAART regimen, its impact on tubular function may also vary. In agreement with this assumption, in large-scale cohort studies, the likelihood of TDF-associated renal dysfunction was found to vary depending upon the antiretrovirals being concurrently administered, with ritonavir-boosted protease inhibitors (PIs/r) being associated with the highest risk (3). Since only limited data on tenofovir exposure in patients are available (8) and in order to better understand the relationship between specific antiretrovirals and the drug pharmacokinetic profile, we carried out a cross-sectional pharmacokinetic survey in patients under successful and renally safe (estimated creatinine clearance [eCL CR ], Ͼ60 ml/min) chronic TDF administration.
(Some of the data in the manuscript were presented as a poster at the 18th Conference on Retroviruses and Opportunistic Infections, Seattle, WA, 5 to 8 March 2012 [9] .)
MATERIALS AND METHODS
Patients on TDF-containing antiretroviral regimens were consecutively enrolled at the Department of Infectious Diseases of the University of Torino and at the Amedeo di Savoia Hospital, Torino, Italy, between September 2010 and January 2011. The protocol was approved by the local ethics committee. Patients were included if they had taken TDF 22 to 26 h before, reported high adherence to antiretroviral medications (above 95% of the doses), presented no concomitant renal disease, and signed a written informed consent. Patients diagnosed with chronic kidney disease (defined by estimated creatinine clearance below 60 ml/min), on hemodialysis, or affected by diabetes mellitus were excluded from this study. Tenofovir trough concentrations were measured through a validated high-performance liquid chromatography-mass spectrometry (HPLC/ LC-MS) method with a limit of detection of 2 ng/ml (10) . eCL CR was calculated using the Cockroft-Gault formula. The results are expressed as median values and interquartile ranges; nonparametric tests (Spearman, Mann-Whitney, and Kruskal-Wallis) were used for all the analyses (comparisons and correlations), while a multivariate linear regression analysis was used to evaluate the effects of several covariates (with a P value of Ͻ0.20 at bivariate analysis) on tenofovir plasma exposure.
RESULTS
One hundred ninety-five adult HIV-positive patients (68.2% male) were enrolled in this study; they were mainly of Caucasian ethnicity ( Table 1 , stratified by third-drug class.
Samples were collected at steady state and after a median uninterrupted time of TDF intake of 22.2 months (interquartile range, 8.9 to 56.2). The median tenofovir trough plasma concentration was 50 ng/ml (35 to 77), with a coefficient of variation of 64.6%. Tenofovir trough concentrations were significantly associated with eCL CR (rho, 0.24; P ϭ 0.012), BMI (rho, 0.16; P ϭ 0.025), and weight/creatinine ratio (rho, 0.24; P ϭ 0.001); a borderline association with age emerged (rho, 0.13; P ϭ 0.07). The tenofovir concentrations according to the third-drug class were higher in unboosted atazanavir recipients (median value and interquartile range, 65 ng/ml [41.7 to 84.2]) than in patients under treatment with boosted PIs (51.5 ng/ml [34 to 77]), NNRTIs (43 ng/ml [28.2 to 50]), and raltegravir (37 ng/ml [28 to 79]) (Kruskal-Wallis test, P ϭ 0.02) (Fig. 1 ). Dunn's multiple comparison test identifies as statistically significant the pairwise comparison (with post hoc correction) between atazanavir and NNRTI recipients. Receiving a protease inhibitor (whether with or without ritonavir) was associated with higher tenofovir plasma trough concentrations (54.5 ng/ml [37 to 80] versus 43 ng/ml [28 to 50] in the NNRTI and raltegravir group; P ϭ 0.007). No significant differences were found in BMI, plasma creatinine, and eCL CR among these groups; nevertheless, patients on boosted PIs and raltegravir had shorter durations of tenofovir exposure ( 
DISCUSSION
In this cross-sectional study in HIV-positive patients, we report new clinical data on tenofovir plasma PK exposure according to different concomitant drugs. Information on this was mainly derived from data for healthy volunteers, with only a few clinical studies performed on specific tenofovir-antiretroviral combinations in HIV-infected patients (such as lopinavir/ritonavir) (11). Our results further support the hypothesis of a tenofovir dose/ concentration-dependent toxicity, since TDF PK exposure was found to vary significantly according to the third antiretroviral being concurrently taken, with a magnitude that reproduces the relative risk of TDF-associated nephrotoxicity according to concurrently administered drugs seen in cohort studies. In looking at TDF concentrations, it must be considered that in the three studies associating higher tenofovir exposures to kidney tubular dysfunction, the mid-dose value (approximately 12 h after drug intake) (4-7) was used, while our plasma samples were taken at 24 h. While other factors were found to influence tenofovir plasma trough concentrations (age, BMI, and eCL CR , including the previously suggested combined parameter weight/plasma creatinine) (12, 13) , the choice of the third-drug class seems to be the only readily modifiable factor. As was found in EUROSIDA, D:A:D:, and two additional retrospective surveys, (3, (14) (15) (16) , the use of boosted PIs together with TDF is associated with the highest risk of renal toxicity, with reduced risk in the case of NNRTI or raltegravir coadministration. Recent data report that tenofovir with either boosted protease inhibitor leads to a greater initial decline in eCL CR than tenofovir with efavirenz and that this decline may be worse with ATV/r than with LPV/r (17) . The mechanism by which boosted PIs increase TDF exposure is thought to be dependent upon the inhibition of multiple resistance protein (MRP) transporters at the apical side of renal tubular cells, with consequent TDF intratubular accumulation and possible chronic harm to mitochondria and with intestinal P glycoprotein inhibition (and related increased absorption) as a possible complementary mechanism. It is worth noting that the highest exposure was found in unboosted ATV recipients: MRP-2 inhibition both by boosted PIs and atazanavir could contribute to explaining this effect. It is unclear, however, why unboosted atazanavir intake was associated with higher tenofovir concentrations than boosted atazanavir, and we are not able to find a causative reason for this observed effect. In any case, since in the absence of ritonavir, ATV exposure is also lower, such a difference might be attributable to an intrinsically greater inhibition of TDF extrusion from tubular cells by ATV (than by ritonavir), which would thus interact with MRPs without competing with ritonavir for drug transporter binding. The only available data suggest that the addition of unboosted ATV to TDF in healthy volunteers was associated with increased tenofovir plasma concentrations (the geometric mean ratios for area under the concentration-time curve [AUC], maximum concentration of drug in serum [C max ], and C min , respectively, were 1.24, 1.14, and 1.22) (18) .
Some limitations of this study should be highlighted: the crosssectional design implies that patients with severe tubular and renal toxicities have not been included due to selection bias and inclusion criteria. However, such a selection does limit the risk of confounding the cause with the effect, since no patients with altered creatinine clearance values were studied. Fewer patients were included in the efavirenz and the raltegravir groups due to their habit of taking antiretrovirals at nighttime. Finally, the measurement of adherence to treatment by self-report is not precise, and it is possible that some patients did not take the drug as they had reported.
These data warrant further investigation in order to evaluate the clinical impact in terms of risk of tubular toxicity. Apart from the implicit opportunity to switch tenofovir and/or the companion drug (to an antiretroviral associated with lower TDF PK exposure), the identification of patients with increased tenofovir exposure should drive attention toward the possibility of reducing the TDF dose or the frequency of administration. This dose reduction (one pill every other day) has already been suggested in patients with significant renal impairment and could be justified by the long intracellular half-life of tenofovir diphosphate. As an alternative (or complementary) approach, the use of probenecid might also be considered, since in a small case series, the drug was found to actually decrease the development of tenofovir-associated tubular damage in patients with hepatitis B virus infection. This effect is likely to be attributable to a significant reduction of TDF uptake by proximal tubular renal cells due to probenecid interference with apical organic anion transporters (OATs), although the data in this report cannot support such a strategy (19) .
Considering the prior demonstration of a dose-concentration relationship between tenofovir and renal toxicity, these data confirm on real-life clinical grounds that TDF pharmacokinetics also depends on the antiretrovirals being administered concurrently. As a consequence, based on this knowledge, different strategies to reduce the impact of TDF on renal function can be suggested and warrant proper clinical investigation.
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